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On the possible mechanism of radio emission of polars
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Abstract. We suggest a mechanism for generation of radio emission from polars. It is based
on the cyclotron radiation of thermal electrons at the background of fluctuating magnetic field.
The source of fluctuations is Alfve´n wave turbulence. Expressions for the radiation spectrum
and degree of polarization are obtained. By the example of the polar AM Her, the fluxes of radio
emission from the accretion stream are calculated. Within the framework of proposed emission
model, with realistic plasma characteristics, it is possible to reproduce observed radiation fluxes
in the VLA bands.
1 Introduction
Radio emission is observed from many cataclysmic variable stars. It is distinguished by a
large variability of both intensity and polarization, up to complete cessation. Duration of quiet
periods can be many times longer than the orbital period of the binary star. Among the sources
with continuously observed radio emission, one can note AM Her, AR UMa, and AE Aqr [1].
Radiation is detected at the frequencies of the order of units and tens of GHz (the range of
operation of VLA), but only a small number of systems manifest themselves in this range [2].
Among cataclysmic variables with magnetic field, it is customary to distinguish polars and
intermediate polars [3]. Such systems usually harbor a white dwarf (accretor) and a late-type
star (donor), typically a red dwarf. Orbital period of the binary is several hr. The polars and
intermediate polars are distinguished by degree of polarization of the observed radiation. This
characteristic is associated with the magnitude of the magnetic field of white dwarf: for the
polars it exceeds 106 G, while for intermediate polars its range is 105— 106 G. The magnitude
of the field 106 G also separates two types of accretion flows: in intermediate polars accretion
disks can form, while in polars the radius of the magnetosphere of the white dwarf is so large
that the disk does not form [4].
Since the first radio observations of the polar AM Her [5], several authors suggested different
mechanisms for generation of radio emission of polars and intermediate polars in the frequency
range from one to tens of GHz: cyclotron one on non-thermal or relativistic electrons (gy-
rosynchrotron and synchrotron, respectively) [5–7] and maser one [6]. Cyclotron radiation is
indeed observed at the wavelengths of ∼ 6000— 7000 A˚ and is used for the estimates of the
magnitude of magnetic field. Maser amplification is involved as a mechanism for generation of
radio flares.
In this paper, we suggest one more mechanism for generation of radio emission based on cy-
clotron radiation of electrons in the fluctuations of magnetic field. The presence of fluctuations
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is associated with the setting of wave Alfve´n turbulence in the plasma. This paper continues
investigation of the effects of Alfve´n turbulence in cataclysmic binary systems [8].
The paper is structured as follows. In §2 we describe accretion flow in polars and estimates
of the characteristics of the flow using as an example AM Her. In §3 we present examples of
observational data and consider various ways of generation of radio emission suggested earlier.
In §4 we suggest the mechanism of cyclotron emission on magnetic field fluctuations. In §5 the
fluxes of emission from the accretion stream in a polar is calculated within the framework of
the suggested emission mechanism. Conclusions are presented in §6.
2 General picture of the matter flow in the polars
In the polars, accretors are ∼ 1 M⊙ white dwarfs with magnetic field & 106 G. Donor star
is, most often, an M-type dwarf of lower mass. As a result of Roche lobe overflow by the donor,
the matter flows to the main component. The spin of components is synchronized with the
orbital revolution. Orbital period of AM Her is Porb = 3.09 hr. Assuming that accretor and
donor masses are Ma = 0.7 M⊙ and Md = 0.3 M⊙, respectively, separation of components may
be estimated as A = 1.07 R⊙. In such a case, the distance from accretor to the point L1 is
RL1 ≈ A/[1.0015 + (Md/Ma)0.4056] = 0.58 R⊙ [9]. After [10], we assume that the distance to
AM Her is D = 88.6 pc.
The rate of accretion in typical cataclysmic binaries is usually estimated as M˙ = 10−9— 10−8
M⊙/yr. In general, it is related to the rate of the outflow of the matter from the donor in a
nontrivial manner. The reason for this is that the matter leaving the donor is affected not only
by the gravitational field of the accretor, but also by the interstellar medium and magnetic
field. However, taking into account that the polar AM Her in this paper acts as a source of
typical accretion flow parameters only, we take 10−9 M⊙/yr as an estimate of the rate of mass
exchange.
In the cataclysmic variables without magnetic field, the main mass exchange occurs through
the vicinity of the Lagrangian point L1 (though, in principle, the possibility of a flow through
the point L3 is not excluded [11]). The matter, leaving L1 as an accretion stream, acquires an
angular momentum with respect to the accretor and forms an accretion disk under the action
of viscosity. The presence of the magnetic magnetic field of primary component can strongly
change this picture: in the region where the magnetic pressure exceeds the dynamic one, gas
flow is controlled by magnetic field. In the case of polars, magnetic field is strong enough to
exclude the possibility of formation of accretion disk [3, 12]. This is confirmed by numerical
modeling too: accretion flow has the shape of a stream that starts at the point L1, reaches the
boundary of the magnetosphere and then flows into the polar region of the white dwarf along
magnetic field lines [4, 13]. This, however, is not the only possible scenario of accretion. Some
observational data provide evidence in favor of the accretion flow in the shape of a curtain
(see [3] for references). Numerical modeling of accretion in polars suggests that the flow can
have a complex hierarchical structure [14].
In Fig. 1 we present results of 3D numerical modeling of the flow structure in a typical
polar. Computations were performed in the framework of model described by [14], with a
computational domain containing a 384×384×192 grid. The parameters of the binary system
correspond to AM Her. Computational domain was chosen in such a way that it included also
a part of the Roche lobe of the donor star. Magnetic field at the surface of the white dwarf was
set to 109 G. Inclination angle of the magnetic axis of the accretor to its rotation axis was set
to 30◦, the angle between magnetic axis and the direction to the donor was 90◦. The color scale
shows the logarithm of density, white sphere corresponds to the surface of accretor, red line
corresponds to the magnetic axis, and the blue line represents the axis of rotation of the white
dwarf, green lines with arrows show magnetic force lines. The stream of matter outflowing from
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the envelope of the donor splits in the magnetic field into two separate streams, moves along
magnetic field lines and hits the surface of the white dwarf near its magnetic poles, forming
two hot spots.
Let estimate the cross-section of the accretion stream in the vicinity of L1 applying the
method described by [12, 15]. The flow of gas in the vicinity of L1 is similar to the expansion
of the gas into the void from a cavity with a point hole. This means that velocity of the flow
through the point L1 is approximately equal to sound velocity cs. Deviation of the trajectory
of the outflowing gas from the Roche lobe boundary in the vicinity of this point is determined
by the balance of the potential and kinetic energy:
∂2Φ
∂x2
∣∣∣∣
L1
x2
2
+
∂2Φ
∂y2
∣∣∣∣
L1
y2
2
= c2s , (1)
where x and y are the coordinates in the plane orthogonal to the stream. As can be seen,
cross-section of the stream has the shape of an ellipse, while the derivatives of the potential
determine dimensions of the semiaxes. Substituting the expression for the Roche potential into
previous equation, one can evaluate the area of the ellipse:
Sstr ≈ π
4
(
cs
Ωorb
)2
, (2)
where Ωorb = 2π/Porb is the angular frequency of the orbital motion of the binary system. The
flow of the gas in the stream outside the magnetosphere of the white dwarf is determined, mainly,
by gravity (more precisely, by the effective Roche potential), rather than by gas pressure. In
addition, after the outflow from L1, the gas rather quickly accelerates to the velocity of several
tens of Machs (see Fig. 2). Therefore, expression (2) is an estimate of the width of the accretion
stream along its entire length.
After leaving L1, the plasma will move along a wide arc under the action of Coriolis force
and Lorentz magnetic force. However, for simplicity, we shall assume that the plasma has
a rectilinear trajectory. Let assume that the magnetic field of the white dwarf has a dipole
structure,
B = Ba
(
r
Ra
)−3
, (3)
where Ba = 10
7 G is magnetic field at the surface of accretor; Ra = 0.013 R⊙ is accretor
radius. The radius of the magnetosphere Rm may be found from condition of equality of Alfve´n
and dynamical velocities under assumption that the cross-section of accretion stream does not
change while it travels from L1:
B(Rm)√
4πρ(Rm)
= vff(Rm) , (4)
M˙ = Sstrρvff , (5)
v2ff −
2GMa
r
= c2s −
2GMa
RL1
. (6)
In the last equality, we took into account the fact that the gas outflows from L1 with the sound
velocity. For the accepted binary system parameters, Rm = 0.13 R⊙ = 0.22 RL1 . Figure 2
shows radial distributions of particle concentrations and gas velocity computed by Eqs. (5) and
(6) under assumption that the gas temperature is 104 K. As it can be seen, the main part of
the accretion time a parcel of the gas spends in the outer part of its trajectory, though in the
approximation we use, the trajectory of the motion of matter is a straight line. If we would
3
Fig. 1. Three-dimensional structure of the flow in a typical polar. The level surfaces of
the logarithm of density are shown in color).Also shown are magnetic lines of force (with
arrows), magnetic axis (red line) and axis of rotation (blue line). For clarity, the diagrams
show configurations for three phases of the orbital period: 0.375 (a), 0.5 (b), and 0.625 (c).
The angle of inclination of the plane of rotation of the binary star is i = 90◦.
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Fig. 2. Distribution of plasma parameters for the radial flow in the polar. Upper left panel:
number density of electrons. Upper right panel: Alfve´n velocity, free-fall velocity and sound
speed. Lower left panel: magnetic field of the accretor (solid line), amplitude of the Alfve´n
fluctuations for different values of Tw (the rest of lines). Lower right panel: the time of free
fall from the point RL1 (solid line), setting time of the turbulence for different values of Tw
(remaining lines).
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take into account the fact that the trajectory has curvature, accretion time will increase even
more.
In the paper [8] we considered the problems of simulation of plasma flows in strong magnetic
fields. Under such conditions, Alfve´n and magnetosonic waves may significantly affect dynamics
of the flow. It is known that Alfve´n waves are less susceptible to damping than magnetosonic
waves. Finite amplitude waves polarized across the background (regular) magnetic field interact
with each other and this manifests itself as a wave Alfve´n turbulence [16, 17]. For its setting,
the interaction of waves of two families is necessary: one family should have group velocity co-
directed with the background magnetic field, while in the other one, it should be headed in the
opposite direction. Turbulence of this type is characterized by the magnitude of the background
magnetic field, power spectrum, longitudinal and diagonal spatial scales. In the paper [8] we
proposed a model of modified magnetic hydrodynamics in which Alfve´n turbulence is taken into
account via stochastic sources of momentum and magnetic field acting on the average medium
flow. The model was confined to the case of the so-called balanced turbulence, for which the
energy spectra of Alfve´n fluctuations of both families coincide. A consequence of this is that the
total energy flux of the Alfve´n waves along the background field is zero. The energy spectrum
was calculated by [18]. For the given spectrum P (k), let denote the energy of the turbulent
fluctuations of the magnetic field, per unit mass, as in [8]
W
2
≡ 〈|b|
2〉
8πρ
=
∫
d3k P (k) ≈ 1.17√ǫa L⊥
L‖
. (7)
Here W is the specific turbulence energy density (that is, the total energy of velocity pulsations
and magnetic field per unit mass); ǫ is the energy flux through the turbulent cascade; a is
the Alfve´n velocity corresponding to the background field; L⊥ and L‖ are the transverse and
longitudinal scales of turbulence. As a longitudinal scale of turbulence it is natural to choose the
longitudinal scale of accretion, for instance, RL1 ≈ 4× 1010 cm. The transverse scale should be
associated with the transverse dimension of the accretion stream
√
Sstr ≈ 0.025 RL1 ≈ 109 cm.
The value ǫ is a parameter characterizing turbulence energy and is determined by the specific
excitation mechanism of Alfve`n waves.
In [18] the energy spectrum of turbulence was presented in the approximation of a homo-
geneous background field. In a realistic formulation of the problem, it is necessary to take
into account that the accretion flow, in general, changes shape and cross-section, following the
lines of the magnetic field. The transfer of energy of Alfve`n waves was correctly considered
by [19, 20]. In the stationary flow, transport equation has the form
∇[ρW±(v ± a)] = 0 , (8)
where W± is turbulent energy, corresponding to one family of waves; v is local velocity of the
gas; a is the vector of Alfve`n velocity. For the balanced turbulence, W+ = W− ≡ W . Then,
summing-up both equations (8), one obtains
∇(ρWv) = 0 . (9)
As it can be seen, the value W does not vary along the stream lines. In the present study we
will assign to the turbulence some kind of “effective” temperature Tw:
W =
3kBTw
mp
. (10)
Without addressing a specific mechanism of the excitation of Alfve´n waves, two limiting
cases can be distinguished: (a) turbulent energy is equal to the thermal energy of the medium
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with the temperature of the order of 104 K; (b) the energy is determined by the temperature
of the matter at the base of the accretion column, which is ∼ 108 K [3]. According to the
definition (7), the first case corresponds to the amplitude of the Alfve´n waves b . 103 G, the
second case — to b . 105 G. In both cases, the contribution of the fluctuations dominates the
contribution of the regular, dipole component of the magnetic field only in the outer part of the
accretion flow, as it is seen in Fig. 2. On the other hand, the plasma, after it leaves L1, spends
half of the free-fall time at the distance of 0.8 RL1 and larger one, see Fig. 2. Thus, most of the
time, the plasma is subject to the influence of a fluctuating magnetic field.
It is useful to estimate the setting time of wave turbulence. In the paper [8] this time was
mentioned as the time of energy redistribution in the turbulent cascade:
τw =
L2⊥a
L‖W
. (11)
As it can be seen in Fig. 2, the concepts of Alfve´n wave turbulence are quite applicable to the
description of the fluctuating component of the magnetic field.
3 Observations of radio emission from cataclysmic systems
Radio emission of cataclysmic stars manifests large variability over a wide range of timescales:
∼ 100 s for T Ari and V603 Aql [2], & 10 s for AM Her [6]; modulation of the flux from AM Her
with the orbital period of the binary star is also traced [10], although it was not previously
detected [?, 5]. Over time intervals much longer than the orbital period, also flares of radio
emission and quiet periods are observed. In many systems in the frequency range ∼ 1— 10 GHz,
spectral density of radio emission flux in the quiescent state usually does not exceed 1 mJy.
Often, radio emission has circular and linear polarization, the degree of which is also rather
variable. During the flares, the flux can increase several times. So, in the system AM Her in
the quiet state the degree of polarization can vary from 0% to 25% [21] and during the flare it
reaches 100% with the flux of 9.7 mJy [6]. Examples of the spectra of radio emission from the
polar AM Her [6, 10, 22] and cataclysmic systems with a white dwarf without magnetic field
TT Ari and V603 Aql [2] are shown in Fig. 3.
Dependence of the spectral flux density on frequency differs for different cataclysmic systems.
If approximated by a power function, it will have spectral index from ∼ 0.2 to 2. To interpret
the spectrum with the slope close to 2, one can try the blackbody radiation model. Then
the estimate of the emission brightness temperature for a system with parameters similar to
AM Her may be obtained from the Rayleigh-Jeans formula [2]:
Fν = Ω
2kBTbν
2
c2
. (12)
Let define the solid angle of the emitting region as Ω = πR2/D2, where R is its radius. Then
Tb = 1.8× 1011
(
Fν
mJy
)(
D
100 pc
)2(
R
A
)−2(
ν
GHz
)−2
K , (13)
where Fν is the spectral density of the energy flux; ν is the radiation frequency; A is the
separation of components. Substituting Fν = 1 mJy, ν = 10 GHz and parameters of the
system AM Her (see the previous section), one obtains Tb = 4.5 × 108 (R/A)−2 K. The source
of thermal radiation is an optically thick medium, so Tb should correspond to the temperature
of the medium, ∼ 104 K. Then it follows that R ≫ A, i.e., the size of the emitting region
should be much larger than the distance between the components of the binary system. At
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Fig. 3. Examples of the spectra of radio emission in the cataclysmic variables. Solid symbols
— polar AM Her (open circles [6], square [10], diamond [22]. Crosses — TT Ari [2]. Pluses —
V603 Aql [2].
the same time, radiation from cataclysmic stars has short timescale variability, as noted above.
This suggests that the size of the emitting region can not much exceed the size of the binary
system. As another argument against blackbody radiation also serves significant polarization
of the observed radio emission, while the heat flux is non-polarized.
Let consider the gyrosynchrotron radiation of an ensemble of non-thermal weakly relativistic
electrons. Let assume that the emission maximum is at the frequency ν∗ ≡ 4.9 GHz and
corresponds to the harmonic s of the cyclotron radiation, i.e. ν∗ = sνB. If magnetic field of
the white dwarf has dipole configuration (see the preceding section), we find that the emission
at the frequency ν∗ forms in a region of the radius Rs = 0.2As
1/3 = 1.6× 1010s1/3 cm, and the
field at this point is B = 2.2 × 103s−1 G. The estimate of the brightness temperature by the
formula (13) with Fν = 1 mJy, R = Rs and ν = ν∗ gives [5]:
Tb = 1.3× 1011 s−2/3 К . (14)
On the other hand, an expression for effective temperature of emission for non-thermal electrons
is (see for details [2, 7]):
Teff = 2.8× 108 s0.755 K . (15)
In an optically thick medium, Tb = Teff . This gives s ≈ 75 and Teff = 1.6 × 1010 K. If we
assume that the radiation maximum is at the frequency 20 GHz (the maximum of the flux will
also be, say, at the level 1 mJy, see Fig. 3), then for the same parameters we get s ≈ 10 and
Teff = 2.1× 109 K.
As it is seen, if one assumes a gyrosynchrotron emission mechanism, one can get the observed
level of the radiation flux under simultaneous condition that the size of the emitting region does
not exceed the scale of the binary system. It remains unclear, however, what is the source of
electrons with energy ∼ 100 keV, which corresponds to the radiation temperature & 109 K. The
temperature of the X-ray emission at the bottom of the accretion column of the white dwarf is
∼ 108 K [3,23], which is clearly insufficient for Compton electron acceleration up to the energy
of 100 keV. Another possibility of electron acceleration is reconnection of magnetic field lines.
In paper [10], its authors assumed that the secondary component of the system AM Her has a
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magnetic field of the order of few kG1. Reconnection occurs as a result of the interaction of the
accretion flow, into which the magnetic field of the secondary component is frozen in, and the
field of the white dwarf. This should occur in the region where the fields of both components
have comparable magnitude (approximately, in the vicinity of L1) [10].
Maser emission mechanism was suggested earlier to explain the flares of radio emission [25]
(see also references in this paper). Peculiarities of this mechanism are as follows: emission
occurs in the main or several lower cyclotron harmonics; anisotropy of the electron velocity
distribution function is necessary (for example, the deficit of electrons with low transverse
velocities with respect to the magnetic field); radiation is accompanied by a rapid relaxation
of the distribution function and, consequently, is flare-like; radiation is highly polarized (it has
circular polarization). It was shown that under the conditions of a magnetic power tube on
a white dwarf, it is not difficult to create such an anisotropy of the distribution function, if
one specifies the source of the electrons at some distance from the star. Such a source can be
the area of reconnection of the magnetic field lines [6], as in the case of the gyrosynchrotron
mechanism.
It was assumed above that both of these mechanisms work in a regular, i.e., slowly changing,
magnetic field. In the next section we will consider cyclotron radiation of electrons in the
fluctuating magnetic field.
4 Cyclotron emission on magnetic field fluctuations
Let suppose that in addition to the homogeneous and stationary background magnetic field
B, there is an inhomogeneous addition b, associated with the Alfve´n fluctuations, generally,
of not a small magnitude (see Fig. 2). It is seen from the formula (7) that fluctuations with
a characteristic spatial scale of the order of the transverse scale of the problem, L⊥, carry the
largest energy. In the case under consideration, L⊥ is much larger than the cyclotron radius
of the electrons. In addition, it can be seen from Fig. 2 that the characteristic period of the
Alfve´n waves L‖/a is quite large and in the outer part of the accretion stream it can exceed
orbital period of the system. Thus, generation of radiation takes place over scales and times at
which, with great accuracy, magnetic field can be regarded as homogeneous and stationary.
The motion of a non-relativistic electron in the magnetic fieldH is described by the equation
v˙ = − e
mec
v ×H . (16)
Let denote as Ω the vector of direction to observer and set orthogonal basis unit vectors ex,
ey, and ez as
H = bxex + byey +Bez , (17)
Ω = ey sin θ + ez cos θ . (18)
In the plane orthogonal to H, the particle moves along the circumference with the angular
frequency ωH = eH/(mec), and along the direction H the motion of the particle is uniform.
The motion along the circumference produces magnetic bremsstrahlung at the frequency ωH .
The motion of the particle along the magnetic field leads to the Doppler shift of the radiation
frequency by (Ωv/c)ωH.
This radiation, in general case, is elliptically polarized and can be represented as a sum of
linearly polarized waves. Let define the unit polarization vectors:
p(1) = ex , (19)
p(2) = Ω× p(1) = ey cos θ − ez sin θ . (20)
1The basis for this assumption was the discovery of a comparable field in the M9 dwarf TVLM 513-46546 [24].
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The vector p(2) is located in the plane formed by the vectors ez and Ω and is directed along
the projection of the background magnetic field onto the celestial sphere. The vector p(1) is
orthogonal to p(2) on the celestial sphere.
The flux of emission with polarization α through the area with dimensions R2dΩ is
P(α)dΩ ≡ c
4π
|p(α)E|2R2dΩ , (21)
where P(α) is the power of radiation with polarization α in a unit solid angle; E is the electric
field of radiation at a distance R from the source. Let define the spectral power density as a
function of the radiation frequency, combining P(α) with the Dirac delta function:
P(α)ω ≡ P(α) δ
[
ω − (1 +Ωv/c)ωH
]
. (22)
Radiation frequency in the cyclotron mechanism is determined by the period of revolution of
an electron in the magnetic field, with radiation from single electron being formed in a region
with the cyclotron radius of the particle. If the electron has a non-relativistic velocity, the
cyclotron radius is much smaller than the wavelength of the generated radiation. On the other
hand, this is the condition for the applicability of the dipole approximation [26]. Electric field
vector of bremsstrahlung in the dipole approximation has the following form:
E =
e
c2R
(v˙ ×Ω)×Ω . (23)
Projections of the electric field onto the vectors of polarization are thus:
p(1)E =
e2
mec3R
(vyB − vzby) , (24)
p(2)E =
e2
mec3R
[
(vzbx − vxB) cos θ − (vxby − vybx) sin θ
]
. (25)
Let consider an ensemble of thermal electrons. The radiation power of all electrons can be
described by the sum of expressions of the form (21), taking into account the relations (24)
and (25). We will consider this sum in the statistical sense and express it as the average over
the ensemble of realizations of electron velocities and magnetic field fluctuations. We noted
above that the scale of the variability of the field is much larger than the scale of changes
of coordinates and velocities of the electrons. In addition, electrons are subject to collisions,
and the length and time of free path are also small. This makes it possible to interpret field
fluctuations and electron velocities as independent random variables.
Let assume that the electrons have a Maxwellian velocity distribution, and magnetic field
fluctuations also satisfy this statistic. Expression (22) is an instantaneous radiation power for
a particular phase of the particle motion. We are interested in the radiation power generated
by the electron distribution, stationary in the statistical sense. The (22) must be averaged over
time, as well as over the ensemble of particle velocities and the amplitudes of the magnetic
field fluctuations. After that, the spectral density of the radiation power in a unit frequency
interval and a unit interval of solid angles will have the following form (for the derivation, see
Appendix):
P (1)ω =
e2
8πc
kBT
mec2
ω2 + ω2B
2ω2w
ω exp
(
−ω
2 − ω2B
2ω2w
)
Θ(ω > ωB) , (26)
P (2)ω =
e2
8πc
kBT
mec2
[
ω2B
ω2w
cos2 θ +
ω2 − ω2B
2ω2w
(
1 + sin2 θ
)]
ω exp
(
−ω
2 − ω2B
2ω2w
)
Θ(ω > ωB) , (27)
where T is the temperature of the electron gas; θ is the angle between the direction of the back-
ground magnetic field B and the direction to the observer Ω; ωB is the cyclotron frequency of
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an electron in the field B; ωw is the cyclotron frequency of an electron in the field corresponding
to the mean fluctuations amplitude (see the definition (7)),
ωB =
eB
mec
, (28)
ωw =
e
mec
√
4πρW ; (29)
function Θ is equal to one, if the condition in its argument is satisfied, and it equals zero oth-
erwise. The presence of this factor indicates that there is no electron emission in the frequency
range ω < ωB, while in the region of higher frequencies emission spectrum has a characteristic
width of the order of ωw. Such behavior of the spectrum is explained by the fact that the vec-
tors of the homogeneous magnetic field strength and fluctuations are mutually orthogonal, see
(17), and therefore their modulo sum is always not less than the value of the homogeneous field.
Consequently, the radiation spectrum, which in the homogeneous field would have the form of
a delta function, “broadens” toward higher frequencies. It should be noted that in derivation
of expressions (26) and (27) we neglected the Doppler shift of the radiation frequency caused
by the thermal motion of the electrons (see the argument of the delta-function in the definition
(22)). In the next section, it will be shown that, under conditions of accretion flow in polars,
the thermal Doppler broadening can be neglected in comparison with the broadening, which is
caused by fluctuations of the magnetic field. We also write down expressions for the spectra
averaged over the full solid angle:
P
(1)
ω ≡
1
2
∫ pi
0
dθ sin θ P (1)ω =
e2
8πc
kBT
mec2
ω2 + ω2B
2ω2w
ω exp
(
−ω
2 − ω2B
2ω2w
)
Θ(ω > ωB) , (30)
P
(2)
ω ≡
1
2
∫ pi
0
dθ sin θ P (2)ω =
e2
8πc
kBT
mec2
[
ω2B
3ω2w
+
5
3
ω2 − ω2B
2ω2w
]
ω exp
(
−ω
2 − ω2B
2ω2w
)
Θ(ω > ωB) .
(31)
The plots of the dependence of P
(1,2)
ω on the frequency and direction to the observer are
shown in Fig. 4. For ωw & ωB, the maximum of the power for both polarizations is at the
frequency ω =
√
3ωw. It can also be shown that for ω ∼ ωw & 10ωB, the following estimate
for the polarization degree is valid:∣∣∣P (1)ω − P (2)ω ∣∣∣∣∣∣P (1)ω + P (2)ω ∣∣∣ ≈
sin2 θ
2 + sin2 θ
6
1
3
. (32)
We remark that in this case the main part of the radiation flux is polarized along the direction
of the background magnetic field, and the maximum degree of polarization is reached when
θ = 90◦. This happens because the turbulent pulsations of the magnetic field are concentrated
in the plane orthogonal to the direction of the background field. We recall that cyclotron
radiation in a homogeneous field has the maximum of polarization for θ = 0◦.
If conditions ωw ≫ ω ≫ ωB are satisfied, the power of radiation has power-law dependence
on the frequency: P
(1)
ω ≈ P (2)ω ∝ ω3. The total power of radiation, over all frequencies, has a
simple form:
P (1) ≡
∫
dω P (1)ω =
e2
8πc
kBT
mec2
(
ω2B + ω
2
w
)
, (33)
P (2) ≡
∫
dω P (2)ω =
e2
8πc
kBT
mec2
[
ω2B cos
2 θ + ω2w
(
1 + sin2 θ
)]
, (34)
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Fig. 4. Spectral power of radiation,
(
e2ωB
8pic
kBT
mec2
)−1
P
(1,2)
ω for different values of ωw and θ. The
rows, top to bottom: ωw = 0.6ωB, ωB, 2ωB, 3ωB. The columns, left to right: θ = 0
◦, 30◦, 60◦,
90◦. Solid lines — radiation is polarized across the magnetic field (polarization vector p(1));
dashed lines — polarization along the field (polarization vector p(2)).
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while the integral of total power over all directions is
2π
∫ pi
0
dθ sin θ
(
P (1) + P (2)
)
=
2e2
3c
kBT
mec2
(
ω2B + 2ω
2
w
)
. (35)
As it should be, in the absence of fluctuations of the magnetic field, ωw = 0, the radiation
power is described by the Larmor formula.
Above we assumed Gaussian distribution of the amplitudes of the fluctuations of the mag-
netic field. If this assumption is not true, the qualitative conclusion should not change: the
cyclotron line will still broaden toward higher frequencies and have a characteristic width of
the order of ωw.
5 Radio emission in the accretion of AM Her
The flux of radiation of polars in the VLA radio frequency range, as a rule, does not exceed
1 mJy (see § 3). Let us estimate whether the mechanism suggested in this study is in principle
capable of generating radio emission in the frequency and energy range that are observed from
polars. We will not consider the mechanisms of absorption in the plasma, but will confine
ourselves to a formal consideration of the opacity.
For the known power, radiation flux from an optically thin medium in a single frequency
interval is:
Fν = ΩLNPν , (36)
where Ω is the solid angle of the source; L is the geometric thickness of the radiating layer along
the line of sight; N is the numerical density of electrons; Pν is the radiation power spectral
density as a function of the linear frequency (Pνdν = Pωdω, ω = 2πν). Solid angle may be
expressed via the area of the emitting region S and the distance to the source D, Ω = S/D2.
Then the flux density can be written as
Fν =
N
D2
Pν , (37)
where N = SLN is the total number of electrons in the emitting region.
Simple estimates made in § 2 showed that the wave Alfve´n turbulence effectively influences
the flow outside the magnetosphere of a white dwarf only. Since the specific energy of the
turbulence is nearly constant, let us assume that in this region the background magnetic field
is much smaller than the amplitude of the fluctuations, B ≪ 〈|b|2〉1/2 or ωB ≪ ωw. Let
estimate in this approximation the power of radiation with both polarizations at the maximum
(ω =
√
3ωw), averaged over all directions (the sum of the expressions (30) and (31)):
Pmax ≈ 1.5 e
2ωw
8πc
kBT
mec2
≈ 3.1× 10−26
(
νw
GHz
)
erg s−1 Hz−1 , (38)
where νw = ωw/(2π); assumed temperature of the plasma is 10
4 K. Taking D = 88.6 pc [10], we
obtain from Eq. (37) the estimate of the total number of emitting electrons, which is necessary
for generation of the flux Fν at the peak frequency ν =
√
3νw:
N ≈ 2.4× 1040
(
Fν
mJy
)(
νw
GHz
)−1
. (39)
Intensity of radio emission from the system AM Her in the waveband 4.5— 5 GHz has the
range 0.5— 0.7 mJy (see § 3). Taking Fν = 0.6 mJy and
√
3νw = 4.7 GHz, we obtain the
estimate of the total number of radiating electrons N = 5 × 1039 (see Fig. 5). Note that for
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Fig. 5. Spectrum of radio emission in the polar AM Her. Symbols are observational data: [6]
(circles), [10] (square) and [22] (diamond). The lines show theoretical models, see § 5.
the concentration N = 3× 1015 cm−3, the indicated number of electrons is contained in a cube
with a side of approximately 0.1L⊥ = 10
8 cm. This means that the mechanism of cyclotron
radiation on the Alfve´n fluctuations is able to produce the observed flux value with a large
margin.
In a more realistic approach, it is necessary to take into account that the emission source
is extended and its characteristics vary within emitting region. Let take the accretion model
from § 2 and to compute the radiation flux from the fraction of the stream in its outer part,
where the condition ωw > ωB is satisfied. Let write down the expression for the change of the
intensity along the unit path along the line of sight as
dIν
dr
= jν − µνIν , (40)
where jν is the emissivity coefficient,
jν = N
(
P
(1)
ν + P
(2)
ν
)
. (41)
Earlier, we noticed that for typical values of the concentration in the accreting flow, formula
(39) greatly overestimates the flow. For this reason, we formally introduce into the transport
equation (40), an opacity coefficient µν , which will later help to estimate the fraction of electrons
directly participating in the formation of the observed radio emission. Let us make several
additional assumptions: (a) the thickness of the radiating layer is L⊥, (b) radiation is formed
in this layer only, (c) the coefficient µν is independent of coordinates. Then the intensity of the
emerging radiation at the boundary of the layer will be expressed as:
Iν =
1− e−τν
τν
L⊥jν , (42)
where τν = µνL⊥ is the optical thickness of the radiating layer. The flux is obtained by
integrating the intensity along the solid angle, under which the radiating region is visible:
Fν =
∫
dΩ Iν . (43)
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As the radiating region, let take the part of the accretion stream of the polar, where the
fluctuations of the magnetic field prevail, i.e. ωw > ωB. Let z be the coordinate along the
stream and to define the solid angle element as dΩ = L⊥dr/D
2. Finally, let take into account
that the electron number density and amplitude of the fluctuations, and, hence, the emissivity
(41), depend on the coordinate along the stream. Finally, we obtain:
Fν =
1− e−τν
τν
L2⊥
D2
∫
ωw>ωB
r<RL1
dr jν . (44)
The lower limit of integration in this expression is determined by the amplitude of the fluctua-
tions, or, the same, the “temperature” Tw. Number density of electrons N , the parameters ωB
and ωw as a function of the coordinate along the accretion stream are given by the formulas
from the Sections 2 and 4.
Integral spectra (44) for various values of the parameters Tw and τν are shown in Fig. 5.
The spectrum is strongly asymmetric, it has a wide maximum and at half-maximum covers a
frequency interval of seven to eight orders of magnitude. For the parameter Tw = 1.7× 105 K,
the frequency position of the spectrum is in the best agreement with the observations in 1982 [6].
For this statement we take into account that no fluxes were detected at the frequencies 1.4 GHz
and 15.0 GHz in these observations, and also the intervals in Fig. 5 denote the upper noise
boundary, which corresponds to the statistical level 3σ [5]. The Fig. 5 also shows a flux of
0.52 mJy at the frequency 14.9 GHz, detected in 1983 [22]. If this point is taken into account,
then the model with the parameter Tw . 10
6 K will be acceptable. For reference, in Fig. 5
we show the integral spectra for the parameters Tw = 10
4 K and Tw = 10
6 K. The spectrum
corresponding to Tw = 10
8 K is located outside the observed frequency interval.
Coincidence of the magnitudes of fluxes between observations and model spectra is achieved
if τν ∼ 104 is chosen. Thus in the framework of considered simple model of the accretion
stream, when flow geometry is preserved, the effective thickness of the radiating layer must be
L⊥/τν ∼ 106 cm.
Note, a significant fraction of the emission is generated in the region in which ωw ≫ ωB.
For this reason, radiation has a polarization, close to the maximum value of 1/3. Since the
spectrum has a width of the order of ωw and the temperature of the electron gas is small,
(kBT/(mec
2) ≪ 1), spectrum broadening due to the thermal motion of the electrons can be
neglected.
6 Conclusions
In this paper we suggested a mechanism for generation of radio emission observed from
polars. The basis of the mechanism is cyclotron radiation of electrons in a fluctuating magnetic
field. The source of the fluctuations is Alfve´n’s wave turbulence. It is assumed that thermal
electrons of the temperature of order 104 K participate in this mechanism. The power spectra
of the emission with two states of polarization and different directions with respect to the orien-
tation of the background magnetic field were calculated. If the amplitude of the fluctuations of
magnetic field is comparable or larger than the background field, radiation spectrum will have
the width of the order of the cyclotron frequency corresponding to the characteristic amplitude
of the fluctuations. Degree of polarization of radiation in this case is in the range 0 to 1/3,
depending on the direction to the observer.
Suggested emission mechanism was applied to a simple model of the accretion stream in
the polar AM Her. It turned out that the spectrum corresponding to observations is formed
in the outer part of the accretion stream, outside the magnetosphere of the white dwarf. The
spectrum can be characterized by the effective turbulence temperature Tw ∼ 105— 106 K.
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Emitting region has an optical thickness τν ∼ 104. Thus, considered emission mechanism can
explain the observed flux of radio emission with a margin of four orders of magnitude.
There is no fundamental reason that may prohibit the action of suggested mechanism in
intermediate polars and even in the systems of nonmagnetic cataclysmic stars (more precisely,
in the systems in which the field does not exceed 106 G). In the present study, however, we
confined ourselves to the case of polars, since they are, apparently, distinguished by a simpler
flow morphology than the systems with weak magnetic field.
In the § 3 we considered briefly the mechanisms of radio emission generation suggested ear-
lier: gyrosynchrotron and maser emission. Under not too restrictive conditions (the presence of
a region of reconnection of the magnetic field lines as a source of super-thermal electrons), these
mechanisms can provide the observed level of the radiation flux. It should be noted, however,
that these emission models can act in the regions of sufficiently low electron concentration only.
Otherwise, the radiation will decay as a result of the plasma absorption2. At this, in the case
of gyrosynchrotron emission, the concentration can not be too low, otherwise, because of small
optical thickness of the radiating layer, in order to enable observed flux, relativistic electrons
will be needed. It is significant that the estimates of radiation fluxes for both mechanisms are
optimistic.
The mechanism of emission suggested in the present study provides a flux of radiation four
orders of magnitude larger than the observed one. It is assumed that the radiation is generated
by thermal electrons in the accretion column, where typical electron number density is about
1016 cm−3. Isotropic plasma with such a density is, by no means, opaque. However, magnetic
field creates in the plasma transparency windows, which allow radiation to be delivered to the
region of low electron density. In the present study we did not consider the processes that
determine opacity of the plasma in the radio range. Instead, we limited ourselves to the formal
introduction of the opacity coefficient, the magnitude of which was selected from the condition
for the correspondence of the observed and model fluxes. In the forthcoming paper, we plan to
investigate the problem of radiation transfer in the magneto-active plasma with a fluctuating
magnetic field in more detail.
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7 Appendix
Let take an ensemble of thermal electrons in the magnetic field, which consists of a homo-
geneous part and fluctuations: H = bxex + byey + Bez. At the scales much longer than the
cyclotron period, the total radiation power per particle, can be calculated as follows:
P (α)ω = Jˆb Jˆv Jˆt
[P(α)ω ] , (45)
where P(α)ω is the radiation power from one particle; Jˆt is the operator of averaging over a
cyclotron period,
Jˆt = ωH
2π
∫ 2pi/ωH
0
dt ; (46)
Jˆv is the velocity averaging operator with a one-dimensional Maxwellian distribution,
Jˆv =
√
me
2πkBT
∫ +∞
−∞
dv exp
(
−mev
2
2kBT
)
; (47)
2Plasma transparency condition, in the sense of absorption at frequencies not exceeding Langmuir’s one, is:
ν ≫ [2e2N/(pime)]1/2 or N/(1010 cm−3)≪ 0.5 (ν/GHz).
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Jˆb is the averaging operator over the magnetic field fluctuations,
Jˆb =
∫
dbxdby
2πσ2b
exp
(
−b
2
x + b
2
y
2σ2b
)
, (48)
where σ2b = 2πρW is one-dimensional variance of the magnetic field fluctuations.
If we substitute the relations (24) and (25) into expression (21), we can notice that the
calculation of the value (45) reduces to calculating summands of the form Jˆb Jˆv Jˆt[v2iB2] and
Jˆb Jˆv Jˆt[v2i b2j ]. At this, because of the isotropy of the particle velocity distribution (in the plane
orthogonal to ez), as well as the isotropy of the polarizations of Alfve´n waves (which is the
same), these expressions do not depend on the selection of specific values of the coordinate
indices.
If we neglect the Doppler frequency shift in the definition (22), then
P (α)ω = Jˆb Jˆv Jˆt
[P(α)δ(ω − ωH)] . (49)
As a consequence, it becomes possible to split the averaging operators:
Jˆb Jˆv Jˆt[v2iB2] = Jˆv Jˆt[v2i ] Jˆb[B2] . (50)
The same is true for the quantities v2i b
2
j .
Averaging over time and particle velocities is performed as follows. Since the cyclotron
radius is much smaller than the scale of the spatial variability of the magnetic field, we can
assume that, with the accuracy up to the phase of the argument, vx = v cosωHt. Consequently,
Jˆt[v2x] =
v2
2
. (51)
Averaging over particle velocities is trivial:
Jˆv
[
v2
2
]
=
kBT
2me
. (52)
Let discuss the averaging over magnetic fluctuations in more detail. Write the original
expression in the following form:
Jˆb
[
e2B2
m2ec
2
]
=
∫
dbxdby
2πσ2b
exp
(
−b
2
x + b
2
y
2σ2b
)
e2B2
m2ec
2
δ
[
ω −
√
e2
m2ec
2
(
b2x + b
2
y +B
2
)]
. (53)
Next, substitute the variables (bx, by) by (β, α) as follows:
e2b2x
m2ec
2
= ω2wβ cos
2 α ,
e2b2y
m2ec
2
= ω2wβ sin
2 α . (54)
Note, β = (b2x + b
2
y)/σ
2
b . In the new variables, we get
Jˆb
[
e2B2
m2ec
2
]
=
ω2B
2
∫ 2pi
0
dα
2π
∫ ∞
0
dβ e−β/2 δ
(
ω −
√
ω2wβ + ω
2
B
)
. (55)
Let use the following property of the δ-function:
δ(f(x)) =
∑
a
δ(x− xa)
|f ′(xa)| , where f(xa) = 0 . (56)
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Using this feature, we perform the transformation:
δ
(
ω −
√
ω2wβ + ω
2
B
)
=
2ω
ω2w
δ
(
β − ω
2 − ω2B
ω2w
)
Θ(ω > ωB) . (57)
The Heaviside function appeared in the r.h.s., it is equal to unity if ω > ωB and to zero
otherwise. Finally, we obtain
Jˆb
[
e2B2
m2ec
2
]
=
ω2B
ω2w
ω exp
(
−ω
2 − ω2B
2ω2w
)
Θ(ω > ωB) . (58)
We notice that ∫ ∞
0
dω Jˆb
[
e2B2
m2ec
2
]
= ω2B . (59)
In the same way, it can be shown that
Jˆb
[
e2b2x
m2ec
2
]
=
ω2 − ω2B
2ω2w
ω exp
(
−ω
2 − ω2B
2ω2w
)
Θ(ω > ωB) , (60)
while
Jˆb
[
e2b2x
m2ec
2
]
=
ω2 − ω2B
2ω2w
ω exp
(
−ω
2 − ω2B
2ω2w
)
Θ(ω > ωB) , (61)
Summing up all derivations, we get expressions (26) and (27).
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